Abstract-Regular and nested negative curvature optical fibers with elliptical capillary tubes have been proposed in this paper for ultralow loss guidance at the telecommunication wavelength. Finite element modeling shows that these fibers can have lower loss compared to their counterparts with circular tubes. These hollow core fibers with low loss and large bandwidth can have huge potential applications in data transmission, sensing, high power delivery, and serve as an ideal platform for the study of a wide variety of nonlinear optical effects.
I. INTRODUCTION

H
OLLOW core optical fibers have been widely studied in the past few decades [1] , [2] . Guiding light in hollow core ensures low absorption loss, low latency, absence of optical nonlinearities and no Fresnel reflections from the ends. Additionally the hollow core can serve as a cavity for the generation of X-Rays [3] , the guiding of atoms and other mesoscale particles with laser light [4] , [5] , as well as the demonstration of nonlinear optical phenomena in liquids and gases. Several types of hollow core fibers exist such as the photonic bandgap fiber [1] , hollow metallic waveguide [6] , metal-dielectric fiber [7] , antiresonant optical fiber [8] - [10] , Bragg fiber [11] , [12] etc. which guide light by a variety of different mechanisms. A wide variety of hollow core fibers have emerged in recent years whose intricate cladding designs enable antiresonant reflection [13] . Although it is well established that optical fibers that guide light by photonic bandgap formation have the lowest loss, a new class of antiresonant optical fiber, the negative curvature fiber has shown the potential of guiding light at even lower loss [14] , [15] . A common type of negative curvature fiber consists of a hollow core surrounded by a row of circular capillary tubes that are attached to the cladding. These capillary tubes act as resonators which can decrease or increase the confinement of light in the air core under different resonant or antiresonant conditions. In such fibers with tube thickness t and refractive index n, the low loss regions lie between the resonant wavelengths which are given by, [16] 
At these resonant wavelengths there is phase matching between air and glass modes in the tubes which lead to a high confinement loss. The negative curvature of the core formed due to the presence of the capillary tubes enhances the antiresonant effect which results in its low loss guidance. A number of designs for low loss guidance of such fibers have been proposed. Negative curvature fiber that guides light with a loss of 50 dB/km at 3.39 μm (core diameter 119 μm) [17] and 100 dB/km at 3.1 μm (core diameter 109 μm) have been demonstrated [18] . Different modifications of the negative curvature fiber have been proposed to further decrease the loss, such as adding another layer of tubes inside these capillary tubes thereby making nested fibers [16] , [19] . Belardi demonstrated the guidance of 0.48 μm wavelength in a nested fiber (core diameter 51 μm) with an attenuation of 175 dB/km [20] . Further reduction in loss values can be expected with improvements in drawing techniques as well as with modifications in the structures of such fibers. In this paper we demonstrate via finite element modeling using COMSOL Multiphysics software that the optical loss of different types of negative curvature fibers can decrease significantly by replacing the circular capillary tubes with elliptical ones. It has been proposed recently that this design can decrease the loss of these fibers at a wavelength of 1.06 μm [21] , [22] . In this paper we present a comprehensive analysis of designing low loss negative curvature fibers with elliptical tubes at the telecommunication wavelength of 1.55 μm. We have also shown for the first time that the loss can decrease even further if elliptical tubes are used for the designing of nested negative curvature fibers. Such improvements in design will enable the fabrication of the next generation of negative curvature fibers with lower loss that will open up new possibilities. 
II. NUMERICAL ANALYSIS OF NEGATIVE CURVATURE OPTICAL FIBERS
The loss in a hollow core antiresonant optical fiber depends on the curvature of the cladding elements which in turn determine the effective curvature of the core. It has been shown that the loss in a Kagome fiber with negative curvature core boundary decreases with the increase in the curvature of the cladding elements [23] . This is on account of the fact that on increasing the curvature, the coupling between core and cladding modes decreases enabling more power to be confined in the core which results in an overall decrease in loss [24] . Similar effect has been observed in hollow core fibers with "ice-cream cone" cladding elements as well [25] . Thus increasing the curvature of the cladding elements in fibers with negative curvature core results in overall decrease of loss. One way of achieving this is to alter the sizes of the circular cladding tubes in a negative curvature fiber. This impacts the effective curvature and thereby changes the overall guidance properties [25] . However, this change can be more pronounced if the circular tubes are replaced by elliptical ones. The major and minor axes (we define major axis as the axis that points radially towards the center of the fiber and the minor axis is perpendicular to it as shown in Fig. 1 ) of an ellipse can be tuned to change its curvature thereby having a more significant effect on the guidance properties which can lead to a lower loss than that attained by circular tubes.
Using COMSOL modeling perfectly-matched layer boundary conditions are met to calculate the confinement loss of the HE 11 mode accurately. Elliptical tubes have more parameters that can be varied compared to circular tubes, by using different values for the major and minor-axes. Other parameters that can be varied to optimize the design of the structure are the core size, the number of ellipses and the tube thickness. In this study these parameters are chosen to obtain antiresonance and thus low loss at 1.55 μm. Both the core diameter and the major axes of the ellipses have been fixed at 30 μm while the other parameters have been varied. The number of ellipses that can be accommodated in the fiber can be increased by decreasing the minor axes i.e. making them slimmer. Fig. 2(a) shows the effect of varying the size of minor axes on the loss at a wavelength of 1.55 μm. Although, equation 1 primarily determines the antiresonance window that leads to low loss in a fiber with particular tube thickness, the effective curvature of the core has a profound impact on determining that loss. Thus, the sizes, shapes, number and area occupied by the cladding elements (these determine the effective curvature of the core) and the antiresonant conditions together determine what value of tube thickness would give the lowest loss at a particular wavelength. This leads to the slight difference in tube thickness value (between different fibers with different geometry) that would give lowest possible loss at any particular wavelength. At 1.55 μm the lowest loss in a fiber with 10 cladding tubes is obtained when the tubes have thicknesses of 0.56 μm which is also the lowest loss among all the different fibers as illustrated in Fig. 2(a) .
As the number of ellipses increase, they occupy more area surrounding the core and the loss goes down significantly. To accommodate more ellipses, the sizes of the minor axes need to decrease. However, decreasing the minor axes too much lead to an increase in loss as is evident from Fig. 2(a) and hence both the number of ellipses and the sizes of minor axes need to be considered whilst designing the fiber. In Fig. 2(b) it is shown that a fiber with 10 ellipses (major axes of the ellipses 30 μm and the minor axes 16.5 μm) gives the lowest loss. The fiber with 10 ellipses has a loss value at 1.55 μm that is 2 orders of magnitude less than the fiber with circular tubes with the same core size [16] . Decreasing the minor axes of the ellipses further would lead to touching cladding tubes, which increases the transmission loss as shown in Fig. 3 . However, this increase in transmission loss is not as pronounced as is in the case of a fiber with circular cladding tubes [17] . Regions of contact between the capillary tubes can be considered as additional resonators which increase the overall loss. Due to the increased curvature the fiber with elliptical tubes have less power going into the tubes. Therefore, even if the capillaries come in contact with each other the power in the glass tubes increase by a smaller amount as compared to circular tubes.
Recent modeling [16] , [19] , [26] and subsequent fabrication [20] have shown that adding another circle inside each tube i.e. making nested negative curvature fiber drastically decreases the loss. We have studied the transmission loss for nested elliptical tubes and found a decrease in transmission loss, as shown in Fig. 4 . The core size of the fiber has been kept fixed at 30 μm diameter. Keeping the outer ellipses with a major axes of 30 μm and minor axes of 16.5 μm, the effect of the sizes of the inner ellipses has been studied. Inner ellipses with axes sizes of 10 μm and 10 μm (making them circular) or 10 μm and 8 μm, give almost similar low loss at 1.55 μm as shown in Fig. 4 which is much lower than those of nested fibers with circular tubes [16] . Again, touching cladding tubes lead to an increase in transmission loss as shown in Fig. 5 . The nested ellipses in the cladding lead to a low loss and a wide transmission window not only in the near infrared, but also in the visible and UV region of the spectrum, as shown in Fig. 6 .
III. CONCLUSION
Negative curvature fibers with elliptical tubes can give low loss guidance over a broad wavelength region. In this paper we have concentrated on getting an efficient design for light guidance at 1.55 μm and hence the thicknesses of the tubes were chosen as 0.56 μm. This tube thickness can be changed to shift the high transmission region to other parts of the spectrum depending on the applications. Along with the tube thickness, other design parameters can also be varied to obtain low loss from UV to IR regions.
The negative curvature fiber has low loss and a much broader transmission bandwidth as compared to photonic bandgap fiber [16] . These features make the negative curvature fiber highly advantageous with tremendous potential applications at wavelengths spanning from UV to mid IR [27] - [31] . This opens up numerous possibilities for potential applications such as data transmission, sensing, high power delivery etc. Fused silica [14] , [17] and chalcogenide negative curvature fibers [32] with low optical loss in near and mid infrared respectively have already been demonstrated, which can come down further by replacing the circular capillaries with elliptical ones. The fabrication of these fibers with elliptical tubes is challenging, however with extrusion or stack-and-draw, it would be possible to fabricate a preform for this structure. It has been shown that varying the tension during preform fabrication process of fibers with circular cladding tubes, can lead to their elongation [33] . Interplay between the viscosity of glass and tension during the drawing process needs to be studied in order to draw these fibers. The drawing process also has to be conducted carefully to avoid the elliptical elements expanding into circles. However, the benefits of obtaining low loss over such a wide range of wavelengths should encourage further research in this area.
